The melon fly, Bactrocera cucurbitae (Coquillett), exhibits a lek mating system in which males aggregate on plants, weakly defend leaf territories that lack any resources vital to females, and produce pheromone to attract potential mates. Males are attracted to and feed on the plant-borne compound raspberry ketone (RK) as well as its synthetic analogue, cue lure (CL), and studies have demonstrated that females mate preferentially with males fed these chemicals over males denied them. The objective of the present study was to investigate whether females gained direct fitness benefits by mating with CL-fed males, potentially via CL-mediated modifications in male ejaculate composition and quantity that act to enhance female longevity and reproduction. Mating trials were first performed to re-confirm that CL-feeding conferred a mating advantage to males. Then, having detected an advantage, female survival, fecundity, and fertility were compared between females mated to CL-fed males versus nonfed males. In addition, the incidence and duration of successful egg-to-pupa development were compared between the two groups of females. None of the comparisons suggested that fitness was enhanced by mating with a CL-fed male, and one parameter-fertility or egg hatch rate-showed a potential cost to mating with CL-fed males. Thus, mating with CL-fed males does not appear to confer direct fitness benefits to females. Factors potentially confounding interpretation of this finding are noted, and the possible role of a runaway selection process, mediated via RK or CL consumption, in shaping female mate choice in this species is proposed.
these chemicals by males has been found to influence female choice (Shelly 2010) . Males of B. cucurbitae are attracted to, and feed on, raspberry ketone (RK, 4-(p-hydroxyphenyl)-2-butanone) or its synthetic analogue cue lure (CL, 4-(p-acetoxyphenyl)-2-butanone). Upon ingestion of either RK or CL, B. cucurbitae males store RK in the rectal gland and eventually release it as a pheromone component (Nishida et al. 1990 (Nishida et al. , 1993 . Subsequent observations Villalobos 1995, Shelly 2000a ) revealed that feeding on CL or RK results in enhanced wing fanning and mating success relative to males denied access to these lures. Similar findings have been reported for males of another RK/CL-responding species, B. tryoni (Froggatt) (Kumaran et al. 2013) as well as for males of two methyl eugenol (ME, 4-allyl-1,2-dimethoxybenzene-carboxylate)-responding species, B. dorsalis (Hendel) (Tan and Nishida 1996) and B. carambolae Drew & Hancock (Wee et al. 2007) .
The objective of the present study was to investigate whether mating with CL-fed males confers direct fitness benefits to B. cucurbitae females. More explicitly, as males control no environmental resources, we examined the possibility that CL feeding leads to modifications in ejaculate composition and quantity, which may enhance female longevity and reproduction. The demonstration of such fitness benefits would suggest a straightforward explanation for female preference of CL-treated males. This issue has been examined in B. dorsalis (Shelly 2000b) and B. tryoni (Kumaran et al. 2013 ) with conflicting results: mating with ME-fed males did not result in increased survival, fecundity, or fertility of B. dorsalis females, whereas mating with CL-fed males resulted in greater fecundity of B. tryoni females (with no effect on fertility and a possible negative effect on survival). In the present study, mating trials were performed to re-confirm that CL feeding conferred a mating advantage to males of B. cucurbitae. Then, having detected an advantage, female survival, fecundity, and fertility were compared between females mated to CL-exposed males versus nonexposed males. In addition, the incidence and duration of successful egg-to-pupa development were compared between the two groups of females.
Materials and Methods

Study Insects
Flies used in this study were derived from a laboratory colony started with 300-400 adults reared from zucchini (Cucurbita pepo L.) collected in commercial fields near Kapolei, Oahu, HI. The colony was maintained in two screen cages (60 by 40 by 30 cm, l:w:h; % 500 flies per cage) and provided a food mixture of sugar and yeast hydrolysate (5:1 v:v) ad libitum and water. At 14-21 d of age, the flies were provided store-bought, rinsed zucchinis for oviposition at 5-7-d intervals. The infested vegetables were placed in opaque plastic boxes on wiremesh screening over a layer of vermiculite for pupation. Once sifted from the vermiculite, pupae were placed in screen cages for emergence. Adults were separated by sex within 2 d of emergence, well before reaching sexual maturity at 14-18 d of age (Shelly, unpublished data) , and placed in cubical (30 cm per side) screen cages (% 200 flies per cage) with food and water as described above. Flies were held at 23-27 C, 50-80% relative humidity, and a natural photoperiod (% 12:12 L:D) and were two to four generations removed from the wild when used in the study. To distinguish treated (CL exposed) and control (no CL exposure) males in the mating experiment, collected pupae were divided into two groups, each of which was coated with fluorescent dye of a different color (blaze orange or horizon blue, DayGlo Corporation, Cleveland, OH). The color used for a given treatment was alternated between successive days of mating trials. Upon emergence, the flies generally retain dye particles on the body that can be viewed with a dissecting microscope under UV (back light). However, where external dye was not conspicuous, the head was crushed with forceps to examine the collapsed ptilinum, which picks up dye particles upon emergence from the puparium.
CL Exposure
For the mating trials, we transferred 90 males from holding cages to smaller screen cages (20-cm cubes) using an aspirator. For treated males, 0.5 ml of CL was placed on a cotton wick (5 cm, 1 cm diameter) resting in a glass Petri dish, which was then placed on the floor of the cage. Systematic observations of fly behavior were not made, but generally after an initial 20-30 min of low feeding activity, males moved on and off the wick and fed for short (2-10 s) bouts. For control flies, an unmodified cotton wick (no substance applied) was presented in the same manner. Wicks were placed in the cages at 1100 hours and were removed 2 h later at which time the sugar-yeast hydrolysate food mixture and water were placed in the cages. While 90 flies were placed in the exposure cages, we used only 80 flies per field cage in the mating trials, thereby allowing for minor differences among cages in mortality. Cages holding control and treated males were held in separate rooms under the temperature and humidity conditions noted above.
For measurements of female survival and reproduction, we obtained CL-fed males using the same procedure described above except that 60 males were placed in each of two cages to obtain 120 treated males. As described below, these males were released 1 d later in the same field cage to serve as potential sires. Control males (N ¼ 120) were taken directly from the holding cage and released into a separate field cage.
CL Exposure and Male Mortality
Although CL feeding conferred a short-term mating advantage to males (see below), it is possible that the chemical negatively affected male survival over longer intervals. Consequently, we monitored the survival of CL-exposed males for 4 wk following exposure and compared it with control males. The basic protocol for chemical exposure followed that described above for the mating trials, except that 50 males (and not 90) were used per cage to minimize any potential adverse effects of crowding on mortality. Treated males were exposed atof the males was determined under a black light using a dissecting microscope, and residual (unmated) flies in the tents were killed with a fly swatter. Air temperatures ranged between 25-28 C during the mating trials. When used in mating experiments, males were 18-25 d old and females were 20-27 d old, and in any given mating trial all flies were the same age. Three sets of mating trials were conducted corresponding to the interval between CL feeding for the treated males and their use in mating trials. Specifically, treated males were tested 1, 3, or 5 d after lure exposure. A total of 18 replicates (9 d, 2 tents per day) were conducted for each of the three postexposure intervals. To assess the possibility that male size influenced mating success, for two replicates in the 1-and 3-d postexposure trials, respectively, a linear measure of size (anterior edge of the discal cell) was recorded for 20 males in treated-mated, treated-unmated, control-mated, and control-unmated categories, respectively, using a disc micrometer mounted in a stereo microscope.
Female Survival and Reproduction
As shown below, females mated preferentially with CL-fed males in trials conducted 1 or 3 d after male exposure to the lure. To determine whether CL-fed males conferred fitness benefits, we mated females to treated (1 d after CL feeding) or control males and compared their survival, fecundity, fertility (egg hatch rate), pupal yield (% eggs that reach pupal stage), and duration of the egg-topupa interval. To accommodate limitations of available manpower, data for female survival, fecundity, and fertility were obtained from one set of matings, and data on pupal yield and egg-to-pupal development time were gathered from another set of matings. In each case, we placed 120 females and 120 treated or 120 control males (i.e., a no choice condition) in each of the two field cages and collected mating pairs as described above. Vials containing mating pairs were kept in the laboratory overnight in the dark; pre-dawn checks revealed that all pairs remained coupled through the night. Upon decoupling, males were collected, and discal cell length was measured to compare body size between control and treated males.
For the first set of measurements, we established eight cages each (30-cm cubes, six females per cage) for females that had mated to control or treated males. Females were supplied food and water as described above, and these were changed weekly. The cages were maintained for 8 wk, with deaths recorded daily for each cage (dead females were removed from the cages upon detection). Starting 1 wk after mating, we introduced longitudinal sections (% 10 cm) of a zucchini in a Petri dish for oviposition. Zucchini was introduced 2 d per week over seven consecutive weeks for 6 h per day, with the flesh (below) resting on moist filter paper, the ends covered with transparent plastic wrap, and the skin (above) scored with four parallel slits (using a knife) running the length of the zucchini section. The slits were made, because preliminary observations revealed that females preferentially oviposited in cuts over intact areas. Zucchini sections were not re-used; every section supplied for oviposition was new. Eggs were counted 1 d after oviposition using a stereo dissecting microscope, and although the slits concentrated egg deposition, thus facilitating egg counts and collection, the entire zucchini section was examined for eggs. All eggs were removed from the zucchini using an X-Acto knife (Westerville, OH) and placed on moist black cloth in Petri dishes. Eggs were then counted, and the Petri dishes were covered to prevent egg desiccation. Egg hatch was scored 72 h later using a stereo dissecting microscope. Oviposition as well as egg collection and development occurred at 25-26 C under a natural photoperiod.
Following completion of these measurements, we recorded the discal cell length for each female as an index of overall body size. Matings for the second set of measurements (pupal yield and development time) were conducted about 6 wk after the initial set following the same protocol. Females mated to treated (N ¼ 53) or control males (N ¼ 49) were placed in separate cages with food and water. As noted below, egg hatch rates (monitored for the first set of mated females) were initially similar for females mated to control or treated males but after several weeks were significantly lower for females mated to treated males. Consequently, we measured pupal yield for egg collections made "early" (10 and 15 d) and "late" (30 and 34 d) after mating for both females mated to control or treated males. To obtain eggs, a zucchini was introduced into each cage for 3 h on the specified day. One day later, eggs were transferred using an X-Acto knife to zucchini sections (8 cm long), with five eggs placed in four punctures (each 3 mm diameter) evenly spaced along the top surface of each zucchini section. Relative to the amount of zucchini available, the total number of potential larvae per section (i.e., 20) was considered low enough to avoid competition for food. The sections were held in Petri dishes, with the flesh (below) resting on moist filter paper and the ends covered with moist sponge. In addition, water-soaked strips of filter paper were placed over the puncture holes to prevent egg desiccation. Eggs from each collection were placed in 15 different zucchini sections, generating 30 sections total (i.e., 15 sections on each of 2 d) for females mated to control or treated males, respectively, for both the early and late postmating sampling periods. Discal cell measurements were recorded for 20 mated treated males and 20 mated control males as well as for 20 females mated to males in the respective treatment categories.
Data Analysis
Differences in the mating success of treated and control males were assessed using raw data (number of copulations) in t-tests, as the data met the parametric assumptions in all cases. Male size (as indicated by wing vein measurements) was compared among the four groups considered using the Kruskal-Wallis tests, as the parametric assumptions were not met for all four replicates examined. In the male mortality experiment, numbers of survivors per cage were compared between control and CL-fed males using a t-test, as the parametric assumptions were met. Regarding female survival, the proportions of females mated to control or treated males that survived the entire 8-wk test interval were compared using the chisquare with Yates correction, and the daily mortality rate of females in each of these two groups was computed as the slope of ln survivors versus days, with slopes compared using a t test. Daily survival rate was computed as the antilogarithm of the respective slopes. For each cage within a treatment, fecundity and fertility were computed on a weekly basis as eggs deposited/surviving female and percent egg hatch, respectively. Fecundity and fertility were analyzed with two-way ANOVA with treatment and week as the main factors. Log 10 transformed egg counts and arcsine transformed egg hatch rates both met parametric assumptions. Pupal yield of females mated to control or treated males was compared using the t-test, as the parametric assumptions were met, and timing of pupation was compared with the chi-square test. All size comparisons involving flies in longevity and reproduction measurements were made using the t test. Analyses were performed using SigmaPlot 11.0. Means 6 1 SE are given.
Results
Mating Trials
CL-fed males obtained significantly more matings per replicate than control males in trials conducted 1 and 3 d after exposure of the treated males, but there was no difference in mating success between treated and control males for trials run 5 d after CL exposure (Fig. 1) . Results for the 1-and 3-d intervals were similar: on average, treated males obtained 61% of all matings in the former and 58% in the latter. No significant size variation was detected among males in the four categories considered for any of the four replicates examined (P > 0.05 in all cases, Kruskal-Wallis test; discal cell length based on data pooled over all replicates [N ¼ 80 per male category]: mated/CL-fed-2.36 6 0.015 mm; nonmated CLfed-2.34 6 0.01 mm; mated/nonexposed control-2.33 6 0.02 mm; nonmated/nonexposed control-2.36 6 0.02 mm).
Male Survival
Survivorship was high for both control and CL-exposed males, and only 16 control males and 13 treated males died over all cages (7 Â 50 males/cage ¼ 350 males per treatment group). On average, 47.7 (6 0.6) control and 48.1 (6 0.7) treated males survived per cage (t ¼ 0.5, P ¼ 0.65).
Female Survival
The majority of females survived the entire test period regardless of whether they mated to control or treated males. The proportion of surviving females was slightly greater for females mated to treated males than females mated to control males, but the difference was not statistically significant (36/48 ¼ 75% vs. 32/48 ¼ 67%, respectively; v 2 ¼ 0.81, P ¼ 0.37). While the overall proportions of survivors were similar, the daily mortality rate of females mated to control males was significantly greater than that observed for females mated to treated males (Fig. 2) . Nonetheless, because mortality was low overall, the daily survival rates were nearly identical between females mated to control or treated males (0.9925 vs. 0.9947, respectively).
Fecundity and Fertility
Per capita production of eggs varied significantly with time (F 6, 98 ¼ 32.8, P < 0.001) but not with treatment category (F 1, 98 ¼ 0.04, P ¼ 0.85; Fig. 3A ). The interaction between the two main factors was not significant (F 6, 98 ¼ 0.9, P ¼ 0.51). Summing average weekly counts, individual females mated to control males laid 136 eggs over the test period compared to 137 for females mated to CL-fed males. In contrast, rates of egg hatch varied significantly with both time (F 6, 98 ¼ 6.5, P < 0.001) and treatment (F 1, 98 ¼ 33.2, P < 0.001; Fig. 3B ). The interaction term was not significant (F 6, 98 ¼ 1.8, P ¼ 0.11). The difference in egg hatch rate reflected the consistently lower rates observed for females mated to CL-fed males. Excluding the first egg collection when hatch rate was the same (76%) between the two groups, the average weekly hatch rate was 75% for females mated to control males compared to only 59% for females mated to treated males. Wing vein measurements revealed no significant size differences between control and treated sires (discal cell lengths: 2.32 6 0.015 and 2.33 6 0.02, respectively; N ¼ 48 per group; t ¼ 0.61, P ¼ 0.54) or between females mated to control or treated males (discal cell lengths: 2.53 6 0.015 and 2.54 6 0.02, respectively; N ¼ 48 per group; t ¼ 0.64; P ¼ 0.52).
Pupal Yield and Development Time
For the early postmating egg collection period, the numbers of pupae collected from zucchini sections (infested with 20 eggs each) did not differ significantly between females mated to control Over both sampling periods, the proportions of pupae collected 8 or 9 d after oviposition were, respectively, 37% and 51% of all pupae produced by females mated to control males (N ¼ 468) and 38% and 49%, respectively, of all pupae produced by females mated to CL-fed males (N ¼ 486). The range of pupation times observed was the same (6-10 d) for females mated to control or treated males.
Discussion
While male-specific lures were identified for tephritid species over a century ago (Howlett 1912) , their effect on male mating success was documented only recently (e.g., Tan and Nishida 1996) . The present findings reveal that exposure to the male attractant CL confers a mating advantage to B. cucurbitae males, a result consistent with previous studies of this species involving CL (Shelly and Villalobos 1995) or RK (Shelly 2000a). Unlike those earlier reports in which mating enhancement was evident for only 1 d after chemical exposure, the present data showed that CL-treated males had a mating advantage for as long as 3 d following exposure. Methodological differences in, for example, exposure protocol, mating assay, and test colony may have contributed to this discrepancy. Kumaran et al. (2013) similarly reported that CLfed males of B. tryoni had a mating over control males up to 3 d after exposure but not thereafter. In contrast to these CL-responding species, B. dorsalis males fed ME were found to have a mating advantage over non-ME-fed males for at least 35 d (Shelly and Dewire 1994) . Although the mechanism(s) underlying the increased mating success of CL-fed males of B. cucurbitae was not investigated in the current study, it presumably reflected increased male wing-fanning activity, and not increased attractiveness of the sex pheromone produced, as reported in earlier work on this species Villalobos 1995, but see Kumaran et al. 2014 for differing results for B. tryoni). CL exposure had no apparent effect on mortality of B. cucurbitae males, as treated and control males displayed similarly high Fig. 3 . Weekly number of eggs laid per capita (A) and egg hatch rate (B) for females mated with treated (exposed to CL) or control (not exposed to CL) males. Symbols represent averages (6 1 SE) over eight cages for each treatment category.
survivorship. In contrast, CL-exposed males of B. tryoni had significantly higher mortality than control males over an 8-wk interval (Kumaran et al. 2013) . However, unlike the present study where CL was provided to B. cucurbitae males during a single, relatively short interval, CL was continuously available to B. tryoni over the observation period. Moreover, Kumaran et al. (2013) placed females in the cages along with the males, consequently differences in the sexual activity (i.e., signaling and mating frequency) of CL-fed and control males may have influenced mortality independent of lure exposure per se.
In various insects, seminal fluid components have been shown to shorten female life span (e.g., Chapman et al. 1995 , Green and Tregenza 2009 , Xu and Wang 2011 , although a positive effect of female longevity was reported in a cricket species (Wagner et al. 2001) . In the present study, there was no difference in the proportions of females mated to control or treated males that survived the 8-wk sampling period. There was a statistically significant difference in daily mortality rates between the female groups, with females mated to treated males having a higher survival rate than females mated to control males. This difference (0.9947 vs. 0.9925, respectively) was quite small, however, and may have negligible, or no, consequence in the wild. We propose therefore that the female preference for CL-fed males was unlikely to reflect potential survival benefits conferred to females. In contrast, females of B. tryoni housed continuously with CL-treated males, along with a CL source, had significantly shorter longevity than females kept with control males (and no CL source, Kumaran et al. 2013 ). As noted above, however, interpretation of this result is confounded by possible differences in female mating frequency, which may have influenced the results.
While ejaculate may negatively affect female survival, it has generally been found to stimulate oviposition rate and thus increase fecundity of female insects (e.g., Heifetz et al. 2001 , Jin and Gong 2001 , Xu and Wang 2011 . In B. cucurbitae, we found no evidence that CL feeding by males influenced egg production by females, and temporal patterns of per capita egg production were similar between females mated to control or treated males. Similarly, lure feeding by males had no obvious effect on fecundity of B. dorsalis females (Shelly 2000b ), but in B. tryoni females mated to CL-fed males had significantly higher fecundity than females mated to control males (Kumaran et al. 2013) .
While no fecundity enhancement was observed in B. cucurbitae, female preference for CL-fed males could have reflected increased fertilization capability of such males. The "phenotype-linked fertility" (PLF) hypothesis holds that male sexual ornaments act as indicators of male fertilization ability, and data from at least one insect species support this notion (Rogers et al. 2008 , but see Harley et al. 2013 ). Contrary to the PLF hypothesis, egg hatch rate was significantly lower for B. cucurbitae females mated to CL-fed males than those mated to control males. Aside from the first egg collection (made 2 wk postmating), a consistent difference in hatch rate was observed over the entire sampling period. Fertility varied independently of male lure feeding in both B. dorsalis (Shelly 2000b ) and B. tryoni (Kumaran et al. 2013) .
The lowered fertility observed for B. cucurbitae females mated to CL-fed males suggests potential conflict between the sexes, wherein preferred males are imposing a reproductive cost on females (for examples see Arnqvist and Rowe 2005) . As low fertility depresses fitness for sires as well as dams, this cost to males is presumably outweighed by other factors. Although not tested in the present study, B. tryoni females mated to CL-fed males show lower re-mating tendency than females mated to unfed males (Kumaran et al. 2013 ). Thus, for B. cucurbitae males, a reduction in female re-mating propensity, and consequently sperm competition, may compensate for lower fertility of any one mate.
From the female perspective, the data as a whole do not suggest any direct fitness advantages from selecting CL-fed exposed males as mates. This assessment is, of course, preliminary, because not all potential direct benefits were investigated. For example, the ejaculate of male insects may contain compounds with antibacterial activity (Lung et al. 2001) or that deter predation upon the eggs (Dussourd et al. 1988) , and such benefits were not investigated in the present study. Alternatively, as noted above, CL-fed males of B. cucurbitae show higher a level of pheromone calling (Shelly and Villalobos 1995) , and the female preference for CL-fed males may simply reflect the fact that signaling males are easily located, which may reduce search costs (i.e., time and predation risk, Kim et al. 2007 ). Alternatively, and independent of direct benefits, female choice may confer indirect, genetic benefits if mating with more actively signaling males increases the odds that male progeny will have superior ability to locate RK sources and thus have high mating success. This scenario, a form of runaway selection (Andersson 1994) , has been proposed for B. dorsalis (Shelly 2000b) , supported by laboratory and field cage tests for B. tryoni , and awaits investigation in B. cucurbitae. Finally, despite lower hatch rates, it is important to recall that no differences in pupal yield were evident between females mated to control or treated males, even for a postmating time interval (4-5 wk) when hatch rates differed significantly between the female groups. This finding suggests that, despite a difference in egg viability, successful completion of larval development may vary widely and tend to obscure the difference in egg viability observed between the two female categories.
